The photometric method was used to test a possibility proposed recently that a new photoreceptor with maximum activity at 620 nm is involved in mediating chloroplast rotation in Mougeotia (Z Lechowski, J Bialczyk [1988] Plant Physiol 88: [189][190][191][192][193]).
absorb in the blue region, while the others fill the spectral range between blue and red (2, 8, 9, 16, 19, 28, 29) . In chloroplast movement, however, the blue-absorbing pigment and phytochrome are the only photoreceptors that have been considered over the years, notwithstanding occasional evidence suggesting that photosynthetic pigments can play an auxiliary role (3, 24, 27) .
Recently, a third photoreceptor with an action maximum at 620 nm was reported in Mougeotia (21, 22) . The postulate was based on experiments in which two different colors of light (730 nm and another varying from 500-680 nm) were used to elicit chloroplast movement. The concept deserves detailed consideration because it introduces a new, apparently overlooked factor into the process of light perception in Mougeotia chloroplast movement. The present work aims at testing the hypothesis ofan additional photoreceptor for other irradiation programs, employing mutually perpendicular beams and higher fluence rates. The use of higher fluence rates was particularly important because the authors of the hypothesis assumed that the FR2 used in their experiments canceled any Pfr gradient in the cell. According to our previous experience the fluence rates used were insufficient to do so.
Two main photoreceptor systems involved in the control of light-induced chloroplast movements in green plants have been well established: a blue-UV absorbing pigment and phytochrome (13) . The most likely candidate for the blue-UV absorbing receptor is a flavoprotein (14) and, according to the evidence available to date, most plants exhibiting chloroplast rearrangements make use of this photoreceptor (1, 4, 14, 15, 20, 26, 34, 35) . Both systems have been shown to control chloroplast orientation in the conjugate green algae Mougeotia and Mesotaenium (12, 17, 25) and in the fern Adiantum (33) . Phytochrome appears to be the main photoreceptor in Mougeotia and Mesotaenium (12) . The shortwavelength-absorbing pigment was shown to cooperate with phytochrome in mediating the strong-light, i.e. face-to-profile response in Mougeotia (7, 25) . A possibility ofits independent action was also raised (6) .
The existence of several other photoreceptors has been assumed for various photomorphogenetic processes on the basis of action spectra and kinetic analyses. Some of them 'Supported by Polish Academy of Sciences, grant number CPBP 05.02.
MATERIALS AND METHODS
Mougeotia sp. (strain from Botanical Institute, University of Erlangen, FRG) was cultured in Petri dishes as described previously (32) . The algae were grown in a controlled environment chamber at 9 ,umol m-2 s-' PAR, 12 h photoperiod.
The temperature in the culture chamber and during all the experiments was 1 7°C.
Experimental Procedure
All experiments were carried out according to the same general scheme. First, chloroplasts in all algal filaments were brought to a defined starting position which was either profile ((I) or flat (G) (preorientation) . Then, the response was elicited by constant illumination with two independent light beams. 2 Abbreviations and symbols: FR, B, G, R, far-red, blue, green, and red light; 1, polarization perpendicular to long cell axis; 1, polarization parallel to long cell axis; _, irradiation from the side; JJ, irradiation from above; (D, profile position of chloroplasts; e, face position of chloroplasts; Pr, red light-absorbing form of phytochrome; Pfr, far-red light-absorbing form of phytochrome.
preparations consisted of several hundreds of filaments mounted parallel on a glass plate in a drop ofculture medium. The filament bands were fastened at both ends with parafilm strips and covered with a 30 ,m thick transparent polyethylene membrane stretched over a metal ring. The membrane provided undisturbed and rapid gas exchange with the atmosphere. Microscope preparations were made in the same manner, but the number of filaments was reduced to 10 to 15 and they were placed at a distance of several cell diameters from one another. In experiments starting with chloroplasts in profile position, preparations were preirradiated laterally with R I of 3.3 ,umol m-2 s-'.
The response was recorded using the photometric technique described elsewhere (31) . The 
RESULTS

Dependence of the Response on Preirradiation
A number of preliminary experiments were carried out to determine whether strong white light should be used for preorientation of chloroplasts. Two preorientation modes were compared: one with strong white light of 250 ,umol m-2 s-' applied from above, second with R I ofT3.3 Iumol m-2 s-' from the side. The former mode corresponded to conditions described (21) (22) , the latter to the preirradiation routinely used in our former investigations. The profile-to-face response was induced by a combination of R 1 1 find FR typical of subsequent experiments. Microscopic observation showed that chloroplasts attained full profile position following white light preorientation but they underwent a contraction characteristic of strong light (30) . Therefore, to avoid the inhibitory effect ofpreirradiation on chloroplast responses, R I * was used for preorientation in all experiments starting with chloroplasts in profile position.
Effect of FR Direction on the Response As shown in Figure 2A , a simultaneous irradiation of (Fig. 2B) . The chloroplast rotation could be inhibited only by using substantially stronger FR irradiation. The increase in the fluence rate by one order of magnitude reduced the response after 1.5 h to 15%, a level only slightly higher than that obtained when the 620 nm 1 1 light only was used ( Fig. 2A) .
No increase in the FR intensity was necessary to stop the rotation ofchloroplasts completely when FR was applied from both directions (FR ), as shown by the G-FR combination in Figure 2B .
Only one response, i.e. (D -* e was possible for R of 620 nm polarized perpendicular to the long cell axis, combined with FR. It occurred when both wavelengths were applied from the same direction (Fig. 3) .
Effect of the Direction of FR Polarization
The response e a) was induced by 620 nm 1 1 from above in the presence of the polarized, lateral FR. Figure 4 shows that the parallel polarization of FR hindered the chloroplast rotation which attained only 12% of the full response, i.e. the level of the control at 620 nm 1 1 alone (cf with Fig. 2A) The levels of the response were compared for two R 1 1 wavelengths: 620 and 660 nm, both of 3.3 ,umol m-2 s-'. As shown in Figure 5 , the maximum response was shifted to a higher fluence rate of FR with increasing wavelength of R. At the same time, the rotation was slower at higher FR fluence rates as one can see from the comparison of the curves obtained after 30 min and 1 h (Fig. 5A) .
The density of algae in photometric preparations was greater than in those used in the optical microscopy and the filaments were not ideally parallel. Therefore, we repeated the experiments described above, on preparations consisting of several filaments and microscopically evaluated the number of rotating chloroplasts. The results for 660 nm 1 1 and for a longer wavelength of 680 nm 1 1 are presented in Figure 5B .
The levels of the response calculated for the respective FR fluence rates were somewhat higher than those measured photometrically but the maximal response was attained at the same FR fluence rate.
Red Light Absorption by Chloroplasts of Mougeotia
Evaluation of light transmission through the turning chloroplast, that is the irradiation of the distal part of the cell was carried out in order to discuss the results in more detail. The data obtained for four different wavelengths are given in Table  I . Marked differences in transmission percent can be noticed for different red light wavelengths. They become still larger if an approximately four time increase in chloroplast thickness is taken into account. The latter corresponds roughly to the situation when light passes through the chloroplast in the profile position. sponse was possible for R I and required irradiation with both wavelengths from the same direction. These results are entirely compatible with the model of phytochrome orientation in the cell membrane proposed by Haupt ( 11; cf also 12 and 13), which is schematically illustrated in Figure 6 . The strongest Pfr gradient is produced by red light polarized perpendicular to the cell axis (a). A simultaneous irradiation with FR from the same direction (b) causes only a narrowing of the region of high Pfr concentration between Oi axis since, for the axis OY, the absorption vector of Pfr is perpendicular to the direction of the electric vector in FR. In the case of FR perpendicular to R I (c) the Pfr absorption vector and E vector of FR are parallel. This leads to the Pr -Pfr cycling on the walls situated in the directions OY and O(-Y). The concentration of the Pfr form on these walls depends on the ratio of quantum flux densities. In that case the rotation e -(D is impossible (Fig. 3) . The situatton changes when R is polarized parallel to the long cell axis: the direction of the tetrapolar Pfr gradient depends on the direction of FR irradiation (Fig. 6, d, e, f) . Thus, by changing the direction of FR from top to lateral, both types of chloroplast responses may be induced.
The behavior of chloroplasts subjected to dichromatic irradiation with the use of polarized FR (Fig. 4) also agrees with Haupt's model. As expected, FR 1 1 from the side was ineffective in inducing the movement toward the profile position because in the whole cell the absorption vector of Pfr was perpendicular to the E vector of FR. A small response in Figure 4 was most probably observed because the orientation of filaments was not perfectly parallel in the preparation. On the other hand, after changing the polarization of FR to 1, the Pfr gradient established in the cell corresponded to the situation depicted in Figure 6f .
It would be noteworthy to discuss at this point the assumptions and arguments behind the new concept of a photoreceptor with an absorption maximum at 620 nm. First, the authors of the concept assumed that the FR background applied in their experiments canceled any gradient of Pfr in Mougeotia (21, 22) . In our opinion this is not true; on the contrary, FR of several ,mol m-2 s-' must have led to the formation of a larger gradient than one created by the R 1 1 itself (cf. 18 ). An efficient abolishment of the Pfr gradient in the cell irradiated continuously with R 1 1 or G 1 1 and FR is possible when two FR beams perpendicular to each other are applied (see Fig.  2B ). FR from one direction may cancel the Pfr gradient only when its fluence rate is an order of magnitude higher than that of R 11 (Fig. 2B) . Probably, in that case, the FR effect results from light scattering by intracellular structures.
An essential argument in favor of the new photoreceptor was the finding that the maximum of R 1 1 activity against a constant background of 12 Mmol m-2 s-' FR lay at 620 nm and that the response fell abruptly to 0 for red light of 675 nm (22) . At that wavelength, the strongest induction of the phytochrome-controlled chloroplast movement in Mougeotia should be anticipated (10) . The results shown in Figure 5 demonstrate that the maximum sensitivity to R 1 1 shifts toward longer wavelengths with the increase in the intensity Fig. 1 and 22, Fig. 1 ). Our experiments did not confirm this result: 50% of the chloroplast response was reached after 30 min as shown in Figure 1 for 680 nm 1 1 + 12 Mmol m-2 s-' FR. A similar result was obtained using microscope estimation (Fig. 5) . Results in Figure 1 point to one of the possible reasons ofthe discrepancy: after the preirradiation of algae with strong white light the observed response was much lower than after weak R I preirradiation. The apparent inhibition may be interpreted in terms ofthe coaction between phytochrome and the blue-light receptor system, discussed in our earlier paper (8) . After-effects of the irradiation with strong B + R which are the components of white light may occur in the cell up to several tens of minutes (cf. 8, Fig. 3) and may disturb the responses induced subsequently by relatively weak red light.
Another potentially interfering factor is the chloroplast contraction after white light. Return of the chloroplast to its normal state is a very slow process: the first, fastest phase was reported to last 1 h (30) .
A possibility of occurrence of strong pH and oxygen concentration gradients after preirradiation ofpreparations closed tightly in a small volume of solution should also be taken into account. The employment of a C02-and O2-permeable membrane in our experiments eliminates those physiologically harmful effects; as a consequence, algae survive up to 
